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Thermal insulation with 2D materials: liquid phase exfoliated 
vermiculite functional nanosheets  
Iwona Janica,a,b,c,† Stefano Del Buffa,c,†Agniezska Mikołajczak,a,b Matilde Eredia,c Dawid Pakulski, 
a,b,c Artur Ciesielski,*b,c Paolo Samorì,*c  
Phyllosilicates are layered materials possessing unique thermal properties, commonly exploited in their multilayered 
crystalline form as refractory insulators and heating elements. A more versatile use of such materials, however, would 
require their existence in the form of inks and dispersions ready to be patterned. Within this framework, the liquid-phase 
exfoliation of low-cost, low-purity materials such as bulk multiphasic minerals and powders represents an economically 
advantageous approach for the production of 2D nano-sized objects with defined composition, size and morphology. Here, 
ultrasound-assisted exfoliation and shear-mixing of a multi-phasic vermiculite in mild acidic aqueous solutions were 
employed to successfully obtain dispersions of mono- and few-layer thick clay nanosheets. The exfoliated materials were 
thoroughly investigated through granulometry, X-ray Diffraction (XRD), specific surface area measurements and AFM 
imaging. Despite the lateral size and the thickness distribution of exfoliated flakes obtained with the two approaches appear 
similar, the ultrasound-assisted exfoliation process yielded larger amount of mono- and bi-layer thick flakes as well as a 
material’s higher specific surface area. XRD analysis revealed that the use of ultrasounds in acidic environment results in the 
complete exfoliation of the vermiculite layer, whereas the use of shear forces under the same condition results in the 
exfoliation of hydrobiotite and mica crystalline phases. Thermal conductivity measurements provided clear evidences on 
how the structural changes - arising from the exfoliation process - have a direct impact on the properties of the exfoliated 
clay. Remarkably, compared to the raw material, the thermal conductivity of exfoliated material decreases by 25 %, reaching 
the ultra-low thermal conductivity regime (< 0.1 Wm-1K-1). Our approach may enable in the future the generation of patterns 
of thermal insulators onto different surfaces by applying vermiculite nanosheets in the form of dispersions and printable 
inks. 
Introduction 
 
Clays, belonging to the phyllosilicate minerals group, have been 
known to mankind for centuries and over the years they 
became more and more popular because of their unique 
structure, surface chemistry, adsorption characteristics, 
thermal/mechanical properties, natural abundance and 
environment-friendly nature.1 The presence of stacked 
crystalline layers within their structure, allows clay minerals to 
be processed into nano-sized building blocks, i.e., 2D exfoliated 
nanosheets.2-4 Among various clays, vermiculite represents a 
valuable example of a natural, highly-charged aluminosilicate 
with tremendous industrial relevance. Vermiculite exhibits a 
layered 2:1 phyllosilicate structure composed of octahedral 
sheets containing magnesium ions, sandwiched between two 
tetrahedral silicate layers (Figure 1), in which silicon is partially 
replaced by aluminum.5 The interlayer area between the 
parallel 2:1 layers contains water molecules and weakly 
bounded thus exchangeable cations, such as Na+, K+, Mg2+ and 
Ca2+, that compensate the positive charge deficiency arising 
from Al3+ substitution in the tetrahedral layers.6, 7  
Due to its unique thermal properties, vermiculite can be used as 
the mineral component of phase change materials8 and in high-
temperature, refractory insulation. Vermiculite has been widely 
reported to enhance the intumescent flame retardancy of 
polymeric materials, such as lignocellulosic materials,9 
polypropylene10 or polyorganosiloxanes.11 Recently, vermiculite 
has been also exploited to enhance the thermal properties of 
PEG-based films12, LbL self-assembled chitosan-based 
coatings13 and flexible polyurethane foams.14 When such 
nanocomposites are directly exposed to a flame, a charred clay 
layer is formed, acting as an insulating shield and a barrier to 
volatiles released from the polymer matrix, thus improving 
thermal properties and fire resistance of the composite 
material. In addition to that, as long as phonon-mediated heat 
transport is concerned, two-dimensional materials (2DMs) can 
display ultralow heat conduction properties thanks to the 
additional thermal resistance provided by phonon scattering 
across ordered interfaces, thus overcoming the typical limit of 
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homogenous amorphous solids. For instance, molecular beam 
deposited WSe2 films have been shown to exhibit the lowest 
thermal conductivity for a fully dense solid (λ=0.06 Wm-1K-1 at 
room temperature), thanks to the interplay of low interfacial 
bond stiffness and to the random stacking of well crystallized 
WSe2 sheets.15 Further engineering of the surface of 2DMs 
through covalent and non-covalent modifications can 
effectively result in a modulation of the interfacial thermal 
conductance (i.e., the finite drop in temperature for a given heat 
flux across an interface) and ultimately in a reduction of the 
thermal conductivity of the material. This was indeed 
demonstrated on Au-SAMs with varying interfacial chemistry 
and density of covalent bonds,16 as well as on alkylammonium-
intercalated clay nanolaminates.17 By properly combining 2DMs 
with highly porous polymeric matrices, even lower thermal 
conductivity values can be reached. Wicklein et. al.,18  for 
instance, recently reported on a light-weight anisotropic foam 
made by nanocellulose and graphene oxide, showing fire-
retardant properties and a radial thermal conductivity as low as 
0.015 Wm-1K-1 .  
The top-down production of low-dimensional materials with 
defined size and physico-chemical properties represents a key 
research topic in material science and nanotechnology. In 
particular, during the last decade, since the first successful 
exfoliation of graphene,19 2DMs attract unprecedented 
interest20, 21 and a variety of layered compounds (e.g., metal 
chalcogenides,22, 23 oxides,24 clays25) are being exfoliated from 
bulk crystals or powders. The resulting one- or few-layer thick 
nanosheets exhibit promising physico-chemical properties 
particularly appealing for applications in sensing,26 mechanical 
reinforcement and flexible devices,27 (photo-)catalysis,28, 29 and 
(opto)electronics.30, 31 Nevertheless, the translation of the 
outstanding properties of 2DMs, which are observed on lab-
scale experiments, into real-world applications on an industrial 
scale suffers from major drawbacks associated to 2DMs’ 
production, and in particular, to the lack of up-scalable 
production processes.  
Due to the presence of relatively weak non-covalent inter-layer 
interactions vermiculite can be expanded and ultimately 
exfoliated into one- to few-layer thick sheets.32, 33 Noteworthy, 
the degree of exfoliation depends on the composition of the 
starting material, particle size, nature of interlayer cations, 
water content, as well as the type of solvent and temperature 
employed during the exfoliation. The most well-known method 
of expanding vermiculite crystals relies on rapid heating of the 
mineral at high temperature (≈1000°C) during short period of 
time (few minutes). As a result, the expanded material exhibits 
increased porosity, with a typical accordion-like morphology 
and a different crystalline structure.34, 35 Wet chemical methods 
are employed to further improve the exfoliation yields, using 
hydrogen peroxide36, 37 or mineral acids, such as HNO3, H2SO4 or 
HCl.38, 39 Nevertheless, in most cases, the experimental 
conditions are relatively harsh (i.e., high concentration of acid, 
prolonged contact times), leading to the formation of 
amorphous silica, while other structural components of 
vermiculite are leached out.40, 41 Acid treatment of vermiculite 
leads to the substitution of interlayer cations with protons and 
produces Brønsted acidic Si-OH at the layer edges,42 which in 
turns increase the number of reactive sites towards ion binding 
and surface chemical modifications.43 Moreover, ultrasounds 
and microwaves can be successfully employed during 
exfoliation of vermiculite in aqueous solutions.33, 44-46 
Ultrasound-assisted exfoliation has been found to be more 
robust in terms of energy saving and lower exfoliation 
temperature comparing to thermal-based processes. 
Moreover, ultrasounds cause a substantial decrease in particle 
size reaching nanometer dimensions along the [00l] lattice 
direction.33, 44, 45, 47, 48 Importantly, mixed layer (mica-
vermiculite) minerals always produce better exfoliation than 
pure vermiculite, giving rise to materials with higher specific 
surface area and expansive capacity,34 whereas pure 
vermiculite does not undergo exfoliation or does so only to a 
smaller extent.35 Ultrasound-assisted exfoliation of vermiculite 
is generally conducted in water or hydrogen peroxide solutions 
during long period of time (up to 150 h)47 using low ultrasonic 
frequencies (20 kHz) and high output power (350 – 750 W).49 To 
the best to our knowledge, the production of ultrathin 
vermiculite flakes using ultrasonication in acidic solutions has 
not been investigated to date.  
Vermiculite, as well as other analogous minerals (e.g., 
montmorillonite, kaolinite), are used in combination with 
organic molecules and polymers to obtain functionalized clay 
materials, ordered self-assembled nanostructures50 and 
polymer-based nanocomposites,48, 51, 52 displaying interesting 
and improved physical and chemical properties. In particular, 
materials with enhanced stiffness, toughness, strength and 
thermal stability can be obtained,53, 54 exhibiting increased 
affinity towards organic pollutants43 and metal ions,48, 55, 56 
enhanced gas barrier and thermal insulating properties.57 
Regardless of the application and the functionalization strategy, 
the quality of the starting clay (in terms of size distribution, 
aspect ratio, number of layers, etc.) is a key parameter, 
ultimately affecting both properties and potential applications 
of the final material. To this end, various efforts have been 
made in the development of different production methods 
particularly employing cheap, low-purity materials containing 
different layered clays.58  
To achieve a full understanding of the exfoliation of vermiculite 
in aqueous environment, here we performed ultrasound-
coordinated
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assisted exfoliation of vermiculite in acidic solutions. 
Furthermore, following the approach by Paton et al. for the 
production of graphene,59 we employed shear mixing approach 
towards the production of vermiculite nanosheets. This 
comparative study was carried out to unravel the effect of 
ultrasounds and shear forces on the exfoliation of cheap, 
multiphasic vermiculite crystals into mono- and few-layer thick 
nanosheets. We compared the quality of the materials obtained 
with the two approaches in terms of particle size distribution, 
thickness/lateral size of exfoliated flakes and specific surface 
area. Finally, as a proof-of-concept, we performed thermal 
conductivity measurements on the exfoliated vermiculite 
showing how the newly-formed structure beneficially affect the 
thermal insulating properties of the material.   
Results and discussion 
Both, ultrasounds and shear-mixing approaches rely on 
weakening and ultimately rupture of the vermiculite layered 
structure by applying mechanical stress. However, the 
mechanism of the two exfoliation approaches differs 
significantly (Figure 2). Ultrasounds can produce a multitude of 
mechanical, thermal and physicochemical effects, such as 
reduction in flake size, modification of textural properties, 
crystallinity and dispersion,49 as a result of the cavitation 
phenomenon via the formation, growth and collapse of gaseous 
microbubbles in the liquid medium that can generate locally 
high pressures (up to 1000 bar) and temperatures (up to 5000 
K).60 The distribution of cavities depends on the geometry of the 
ultrasonic probe, the ultrasound density and frequency and the 
solvent. Ultrasonication can not only promote the liquid-phase 
exfoliation of clays and related minerals into 2DMs, but under 
certain conditions can also lead to severe structural re-
arrangements leading, for instance, to the curling of the clay 
layers and the formation of tubular nanostructures, as reported 
by Li et. al. on alkylammonium-intercalated kaolinite.61  
On the other hand, during shear-mixing a high-speed rotor 
causes the mixing of the dispersion in both low and high 
viscosity solvents. When the difference in velocity of the rotor 
tip and that of the surrounding fluid is higher than the velocity 
at the center of the rotor, shear forces are created leading to 
exfoliation of the dispersed material. The type of flow inside the 
chamber and the degree of exfoliation depend on geometrical 
parameters (e.g., diameter of the rotor and rotational speed), 
time, viscosity of the continuous phase, concentration of the 
dispersed phase and temperature.59, 62 Considering our 
experimental set-up, turbulent flow is not fully developed 
(Reynold number < 104) and exfoliation mainly occurs in high-
shear laminar flow conditions.59 
Grounded vermiculite was found not to generate a stable 
dispersion in acid solution (not even after stirring, see Figure 
2a): larger particles sediment quickly, while the smaller ones 
float on the surface because of the presence of trapped air. 
After a pre-treatment in the ultrasonic bath, the solution turns 
brownish and becomes slightly turbid, indicating partial 
dispersion of the clay. Such vermiculite dispersion was used as 
the starting material for subsequent ultrasound-assisted 
exfoliation processes. The visual appearance of the dispersion 
after the exfoliation differs significantly (Figure 2b and c). The  
amount of sediment was strongly reduced (i.e., as a 
consequence of the decreased particle size the colloidal stability 
is increased). Moreover, the brownish color was much more 
intense, and the suspension was more turbid, indicating a larger 
amount of dispersed material. A haze-looking particulate was 
also visible in backlight as to indicate the presence of aggregates 
with an ordered structure. Optical birefringence of exfoliated 
vermiculite dispersions is indeed documented in the literature 
and it is ascribed to a nematic liquid crystalline-like ordering of 
2D nanosheets.63 Despite the presence of large, likely non-
exfoliated, particles that sediment quickly the colloidal stability  
of aqueous dispersions of exfoliated vermiculite is satisfactory 
(ESI Fig. S1), allowing for further processing of vermiculite 
nanosheets in the dispersed phase (e.g., centrifugation, 
functionalization, etc.) or for their successful deposition onto 
solid surfaces (e.g., by means of spray coating, solvent casting, 
etc.).  
In case of exfoliation in acidic solutions (pH = 3 - 5), an increase 
of the pH was always observed at the end of the process, which 
can be related to the exchange of interlayer cations from the 
vermiculite structure with hydrogen ions from acid solutions 
during exfoliation to individual flakes (ESI Figure S2 and S3). The 
largest pH difference before and after ultrasound-assisted 
exfoliation was observed at initial pH = 3.5 after 3 h, where the 
final pH value increased to 6.8. 
Significant morphological differences can be observed in 
vermiculite samples before and after ultrasound-assisted 
exfoliation (verm-US). The SEM image (Figure 3, see 
experimental section for details about sample preparation) of 
raw vermiculite shows the presence of thick, mm-sized particles 
with a multi-layered structure, whereas after exfoliation smaller 
flakes of different thickness and irregular shape are visible. 
Further insights into the degree of exfoliation, i.e. number of 
layers and lateral size of vermiculite flakes, as well as their 
changes upon variation of experimental conditions (i.e., pH and 
time), can be inferred from AFM topography images taken on 
Figure 2. Production of exfoliated vermiculite by ultrasounds and shear forces: a) beaker 
with acidic solution after addition of vermiculite; b) vermiculite dispersion obtained after 
ultrasound-assisted exfoliation (pH = 3.5, 3h); c) vermiculite dispersion obtained after 
exfoliation by shear mixing (pH = 3.5, 3000 rpm, 20 min); d) Sonopuls 3100 ultrasonic 
homogenizer equipped with titanium probe; e) L5M-A shear mixer; schematic 
representation of the exfoliation mechanism of vermiculite by f) ultrasounds and g) shear 
forces. 
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vermiculite dispersions deposited on Si/SiO2 substrates. In all 
cases, the samples are composed of polydisperse flakes with 
lateral size ranging from tenths of nanometers to few microns, 
and thickness ranging from 1-2 nm (single layer flakes are 
reported to be around 1 nm thick45) to 20-30 nm, as to indicate 
the presence of mono- and multi-layers. Larger (non-exfoliated) 
particles with thickness of hundreds of nm are also found, yet, 
they were not considered in the statistical analysis of AFM 
images. Figure S4 (ESI) shows the average lateral size and the 
average thickness of verm-US flakes as a function of time and 
pH. A representative AFM image of a vermiculite sample 
obtained after 3h of exfoliation at pH 3.5 is reported in Figure 
4a, together with the distributions of thickness and lateral size 
of the exfoliated flakes, as obtained by the analysis of AFM 
images (Figure 4b and c). In general, both lateral size and 
thickness decrease as a function of exfoliation time indicating a 
progressive fragmentation and delamination of vermiculite 
particles subjected to cavitation forces induced by the 
ultrasounds. Noteworthy, the initial pH of the dispersion was 
found to play a key role in the exfoliation process, with pH 3.5 
being the value at which particles with smallest thickness are 
obtained after 2 h of exfoliation (ESI, Figure S3). By considering 
the average thickness-to-lateral size ratio as a parameter to 
assess the quality of the exfoliated material, the sample 
exfoliated in HCl solution at pH = 3.5 for 3 h gives the best 
results, i.e., the largest flakes with the smallest number of layers 
were observed. Our results show, that the materials produced 
in the solutions with pH > 3.5 (at constant time) were thicker 
than those produced at pH < 3.5. On the other hand, the size of 
the exfoliated nanosheets of the materials in the samples 
prepared at pH < 3.5 is much smaller than of that prepared at 
pH > 3.5. Under these conditions the lateral size of exfoliated 
flakes has a broad distribution, with most of the particles being 
in the 200-600 nm range, and the thickness distribution 
centered around 4 nm, indicating the predominance of 3-4 
layer-thick vermiculite (Figure 4b and 4c). Around 10% of the 
analyzed flakes display a thickness which can be associated to 
the presence of vermiculite mono-layers (i.e., < 2 nm), while 
multi-layered aggregates (thickness>10 nm) result to be around 
17% of the analyzed flakes. Reduction in thickness and flake size 
upon application of ultrasounds under various experimental 
conditions was previously reported in the literature, with 
average thickness around 100 nm or more45 and flake size in the 
order of 1-10 μm.33, 45 On one hand, treatment of vermiculite 
Figure 3. SEM images of a) raw vermiculite and b) vermiculite exfoliated with ultrasounds 
(verm-US, pH = 3.5, 3 h). Scale bar = 5 µm. 
Figure 4. a) Representative AFM image of ultrasound-assisted exfoliated vermiculite at pH = 3.5, 3 h (scale bar 2 µm); b) thickness (443 flakes analyzed) and c) lateral size (140 
flakes analyzed) distribution of ultrasound-assisted exfoliated vermiculite at pH = 3.5, 3 h obtained from AFM; d) representative AFM image of shear-mixing exfoliated 
vermiculite (pH 3.5, 20 min at 3000 rpm, scale bar 2 µm) and corresponding e) thickness (195 flakes analyzed) and f) lateral size (96 flakes analyzed) distributions. 
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with 0.37 M (pH = 0.43) hydrochloric acid leads in replacing the 
interlayer Mg2+ with hydrogen ions.64 On the other hand, 
increasing the acidic strength (0.75 – 1 M, pH = 0.12 and 0, 
respectively) results in, first, dissolving ions from the octahedral 
sheets and then tetrahedral aluminum ions.64, 65 Further 
increase of concentration of HCl (> 2M) leads to total 
transformation of vermiculite structure to amorphous silica.41, 
64 Combination of both, ultrasounds and acid solution, gives the 
opportunity to use low quantity of acid, which only influences 
the interlayer ions and supports ultrasonication.  
We have then extended our studies to shear-mixing exfoliation 
(verm-SM). Towards this end, the best-performing 
experimental conditions/parameters found in the ultrasound-
assisted exfoliation, i.e. the initial pH=3.5 as well as the amount 
of vermiculite powder used in experiment, were employed. As 
in the case of verm-US, the quality of exfoliated material was 
analyzed by SEM for different experimental parameters. It 
revealed that exfoliation at 3000 rpm for about 20 min was the 
best compromise in terms of quality of the obtained product 
and production rate. A direct comparison of the flake size 
distribution of verm-US and verm-SM (exfoliated at the same 
pH) dispersions obtained by laser diffraction is shown in Figure 
S7 (ESI). While exfoliation by shear-mixing results in 
homogenous flake lateral size distribution with a peak centered 
around 50 µm (some larger agglomerates are also present), 
ultrasound-assisted exfoliation produces nanosheets with a 
broader flake size distribution, but with a larger fraction of fine 
particles (see ESI for details). In other words, the ultrasound-
assisted exfoliation results to be a more vigorous process with 
smaller particles being formed, while shear mixing is less 
effective but able to produce a more homogenous dispersion 
with larger particle size. The analysis of AFM images (see Figure 
4d-f and Figure S8, ESI) taken on solvent-casted dispersions 
provides direct insights into the flake size obtained after the 
exfoliation process, as it offers a direct morphological map of 
the flakes in three dimensions. Conversely, laser diffraction 
based-techniques provide an indirect characterization of the 
system, requiring the adoption of a model to treat the data and 
a certain level of approximation (i.e., the estimated size is given 
by a volume equivalent spherical diameter). The combination of 
the two complementary techniques thus provide a complete, 
statistically-relevant picture of the exfoliated samples, in the 
dispersed phase and in the solid state. Compared to verm-US, 
the shear-mixing exfoliated samples display an equivalent 
number of mono-layer flakes (~10% of the analyzed particles) 
and a thickness distribution peaked around the same value, 
indicating a majority of 3 layer-thick nanosheets (Figure 4e). 
However, the thickness distribution is broader than in the case 
of ultrasound-assisted exfoliation - in particular, the relative 
number of few layers-thick vermiculite (3 - 4 nm) increases from 
16 % to 20 % and the number of multilayered flakes (>10 nm) 
increases from 17 % to >20 %. Moreover, the analyzed flakes 
display a narrow distribution of lateral size with a peak around 
300 nm (Figure 4f). However, compared to the case of verm-US 
flakes larger than 2 µm are present, indicating that the shear-
mixing process under these conditions has a less detrimental 
effect on the reduction of particle size.  
The X-ray patterns of the raw starting material and of 
vermiculite exfoliated by ultrasonication and shear mixing (at 
pH = 3.5) are displayed in Figure 5. The starting raw vermiculite 
sample clearly shows a polycrystalline nature. The three main 
reflections in the low 2θ range are located at 6.16° (d=1.43 nm), 
7.35° (d=1.2 nm) and 8.76° (d=1 nm). A basal spacing of about 
1.45–1.55 nm is characteristic for vermiculite with two water 
layers in the interlayer space and the presence of magnesium 
ions between them.66 The reflection at 7.35° could be attributed 
to the occurrence of partially dehydrated interlayer magnesium 
ions (one water layer)25, 66 or to hydrobiotite, while the 
reflection at 8.76° can be ascribed to the presence of 
hydrobiotite and mica phases in the structure. At higher 2θ 
values, the reflections at 18° (d=0.49 nm), 25.56° (d=0.35 nm) 
and 26.31° (d=0.34 nm) can be attributed to the presence of the 
hydrobiotite,35 pure vermiculite and mica66 phases, 
respectively. In the diffractogram of verm-US (red curve in 
Figure 5), the basal spacing is almost intact and the intensity of 
this reflection is significantly lower. This effect could be 
explained by partial exchange of interlayer Mg2+ cations for 
hydrogen ions coming from the acid solution40 and by a 
reduction in flake size caused by ultrasounds.33 The next two 
reflections in the diffraction pattern are almost identical to the 
raw material, suggesting that ultrasounds only influence the 
vermiculite layer. All the other peaks display lower intensities 
but the same position with respect to the starting vermiculite, 
suggesting that no drastic change occurred in the crystalline 
structure during the sonication treatment. In the case of verm-
SM (green curve in Figure 5), the intensity of reflection at about 
6.16° is slightly lower comparing to the raw sample, while the 
intensity of the next peak drops significantly. The reflections at 
about 8.76° is not observed anymore, suggesting that during the 
exfoliation process hydrobiotite and mica layers are exfoliated 
keeping the vermiculite layer almost intact. Similar to the case 
of ultrasound-assisted exfoliation, no significant variations in 
the diffractogram are observed at higher 2θ values indicating 
that the crystalline structure of the layers is not dramatically 
affected by the exfoliation process, apart from the reflection at 
26.31° (d=0.34 nm) that is attributed to mica. 
The N2 adsorption isotherms of raw and exfoliated vermiculite 
are shown in Figure S9 (ESI). Specific surface area, as obtained 
with the BET method, amounts to 6 m2/g for the raw mineral, 
Figure 5. XRD spectra of raw vermiculite (black), verm-US (red) and verm-SM (green) 
exfoliated at pH = 3.5. Letters in the figure indicate vermiculite (V), mica (M) or 
hydrobiotite (H) crystalline phases. 
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22 m2/g and 108 m2/g for verm-SM and verm-US (pH 3.5), 
respectively. The increase of specific surface area (4-fold and 
18-fold increment) is a direct consequence of the occurred 
exfoliation process, while the difference observed with the two 
methods can be explained by considering the smaller particle 
size obtained with ultrasounds, as observed by means of AFM 
and granulometry. Exfoliated vermiculite samples also show a 
significant increase in the total pore volume (Figure S8, ESI) and 
a shift of the pore size distribution peak (which can be ascribed 
mainly to intra-particle voids) towards larger values, suggesting 
a direct role of the exfoliation process on the meso-scale 
organization of the clay structure. The absence of micro- and 
nano-porosity can be taken as a further evidence that the fine 
structure of the material is retained, i.e. no structural defects 
are introduced in the clay sheets upon exfoliation. 
In order to explore the thermal conductivity of our exfoliated 
vermiculite, in particular in comparison to the raw bulky 
vermiculite, we exploited a very simple approach via the use of 
the transient plane source method (Figure 6). Such 
measurement enabled to investigate how thermal properties of 
the material are affected by the exfoliation process. The raw 
material shows a thermal conductivity of 0.129 Wm-1K-1, while 
in the case of the exfoliated samples such value is reduced by 
about 25% (λ= 0.096 Wm-1K-1), falling in the ultralow thermal 
conductivity regime (λ<0.1 Wm-1K-1). This variation could be 
attributed to either a change in the surface chemistry of 
vermiculite sheets upon partial replacement of exchangeable 
cations with protons during exfoliation in acid environment, or, 
more likely, to the variation in the number and stacking order 
of clay interfaces as suggested by the increase in specific surface 
area and pore volume of the exfoliated material. Although the 
measurement methods are different, the results obtained here 
are in good agreement with those attained on organically-
modified montmorillonite (0.07<λ<0.11 Wm-1K-1).17  
Table 1. Thermal conductivity (λ) of bulk and exfoliated vermiculite 
 λ (Wm-1K-1) Δλ/λ (%) 
Raw vermiculitea 0.129 - 
Verm-SMa 0.096 -25.6 
a T=23 °C, b T=25 °C 
Furthermore, these encouraging results on exfoliated 
vermiculite suggest the possibility to reach even lower thermal 
conductivity values by intercalating organic molecules within 
clay layers and/or by designing more complex self-assembled 
nanostructures based on exfoliated 2D clay nanosheets. The 
present thermal characterization results integrate already 
existing data on vermiculite (traditionally measured by 
thermogravimetry) and possibly foster the use of the exfoliated 
clay not only as a barrier to extreme heat conditions (flame 
resistance) but also as an effective thermally insulating material 
for everyday applications, e.g. passive house insulation. 
Experimental 
Materials 
Hydrochloric acid (HCl, ACS reagent, ≥ 37%), ammonium acetate 
(for molecular biology, ≥98%), acetic acid (ReagentPlus®, ≥99%), 
ethanol (grade for liquid chromatography, LiChrosolv®) and 
vermiculite (batch Z765422, particle size 2 – 3 mm) were 
purchased from Sigma-Aldrich and used without purification. 
Si/SiO2 (oxide thickness 230 nm) substrates for AFM and SEM 
analysis were purchased from Fraunhofer Institute for Photonic 
Microsystems IPMS. HCl solution daily consumer goods s at pH 
= 3, 3.5, 4, 4.5 and 5 were prepared by dilution of concentrated 
HCl with distilled water.  
 
Ultrasound-assisted exfoliation of vermiculite (verm-US) 
1 g of vermiculite, previously grounded in a mortar, was added 
to 100 mL of HCl solution and then placed in the ultrasonic bath 
(Bandelin Sonorex, 30 kHz) for 1 minute. After this time, further 
exfoliation was carried out using a homogenizer (Bandelin 
Sonopuls 3100, 20kHz, 15 W, with titanium probe 3 mm x 175 
mm, 1 – 4 h). After the experiment, the pH of dispersion was 
measured with a Mettler Toledo SevenCompact™ S220 
equipped with InLab® Expert Pro-ISM electrode. If needed, the 
solid material was collected by filtration through 0.2-0.45 µm 
PTFE Omnipore™ membranes (Merck) for further 
characterization. 
 
Exfoliation of vermiculite using shear-forces (verm-SM) 
5 g of vermiculite, previously grounded in a mortar, were added 
to 500 mL of HCl solution at pH = 3.5. The exfoliation process 
was conducted using a shear mixer (Silverson L5M-A, 1000 – 
3000 rpm, 20 min) stocked in a square-hole rotor tip (D = 32mm, 
96 square holes, 2 mm x 2 mm each). After the experiment, the 
pH of solution was measured. If needed, the solid material was 
collected by filtration through 0.20-0.45 µm PTFE Omnipore™ 
membranes (Merck) for further characterization. 
 
Characterization techniques 
Si/SiO2 substrates were cleaned with acetone and isopropyl 
alcohol (sonicated for 30 min in ultrasonic bath) to remove the 
protective photoresist layer, and then dried under nitrogen 
flow. The substrates were then treated with UV-O3 (PSD Pro 
Series, Novascan) for 5 min followed by 25 min of exhaust. The 
Figure 6. Experimental set-up for the measurement of thermal conductivity with HotDisk 
TPS 3500: a) sensor and empty sample holder; b) lower part of the sample holder filled 
with vermiculite powder; c) lower and upper part of the sample holder filled with 
vermiculite powder. 
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samples for AFM and SEM characterization were prepared by 
spray coating/drop casting vermiculite dispersions on top of 
SiO2/Si substrates. The samples were then heated on a hot plate 
(100°C) to remove all the remaining water. Morphological 
characterization was performed by scanning electron 
microscope (SEM, focused ion beam FEI Helios NanoLab 66) on 
metalized (Au) samples. The analysis of raw vermiculite was 
conducted directly on the grounded powder deposited onto a 
conductive substrate. Atomic force microscopy (AFM) imaging 
was carried out using a Veeco Dimension 3100 operating on a 
Nanoscope IV control unit, under ambient conditions. 
Topographic and phase imaging was performed in tapping 
mode using antimony n-doped silicon tips (resonant frequency= 
320 kHz, k=42 N/m; TESPA-V2, Bruker). The thickness and lateral 
size of the exfoliated vermiculite samples were determined by 
analysis of AFM images with Gwyddion software (version 2.50). 
N2 adsorption/desorption isotherms were measured with a 
Quantachrome Autosorb iQ on degassed samples (100°C under 
vacuum for 12 h). All measurements have been performed at 
least twice on duplicate samples. Specific surface area and pore 
size distribution were determined using the BET and BJH (on 
desorption data) method, respectively. 
The measurement of vermiculite flakes size in water dispersions 
were performed by means of diffraction analysis with a 
Mastersizer 3000 laser analyzer, equipped with a HYDRO-SM 
wet dispersion unit (Malvern Instruments). Each distribution 
curve (volume density % vs size) represents the average of 10 
measurements of 5 s each. 
X-ray diffraction diagrams (XRD) were recorded on powder 
samples with a Bruker AXS D8 Advance, equipped with 
Johansson monochromator (λCu Kα1 = .5406 Å) and silicon strip 
detector LynxEye. XRD measurements were performed at a 
voltage of 35 kV and an intensity of 50 mA. 
Thermal conductivity was measured by means of a TPS 3500 
(Hot Disk, Göteborg, Sweden) equipped with a standard 
module, using a Kapton sensor (radius 3.189 mm) at room 
temperature. Measurements were conducted twice on 
duplicate samples. 
Conclusions 
In this study, monolayer- and few layer-thick vermiculite 
nanosheets were successfully produced via liquid-phase 
exfoliation by using both ultrasounds and shear-mixing under 
mild conditions, starting from a low-cost multiphasic material. 
Based on microscopic characteristics, the best results were 
obtained in aqueous hydrochloric acid solutions at pH = 3.5 
during 3h in case of ultrasounds-assisted exfoliation, and during 
20 min, 3000 rpm in case of exfoliation using shear forces. 
Despite the quality of the material produced with the two 
methods is similar, the ultrasound-assisted exfoliation yelds 
thinner flakes. The relative percentage of mono- and bi-layer 
thick vermiculite sheets obtained with the shear-mixing process 
amounted to 18 %, while in the case of ultrasound-assisted 
exfoliation such value reaches 27 % (i.e., almost one third of the 
sample is composed of flakes thinner than 3 nm). Furthermore, 
the material obtained by ultrasound-assisted exfoliation display 
a larger specific surface area which amounts to 108 m2/g.  As a 
proof of concept, thermal conductivity measurements were 
performed on exfoliated vermiculite nanosheets. Compared to 
the raw bulk mineral, thermal conductivity decreases of around 
25% and reaches the ultra-low thermal conductivity regime (< 
0.1 Wm-1K-1), providing direct evidences on how the change in 
the material’s structure impacts on its thermal properties. The 
promising thermal characteristics of the exfoliated vermiculite 
nanosheets combined with the fact of having them as ready-to-
use aqueous dispersions, suggest their application as inks to 
create patterns of thermal insulators. A properly formulated 
vermiculite-based ink could be sprayed, casted or printed on 
various surfaces, thus possibly fostering the use of 2D clays not 
only as a barrier to extreme heat conditions but also as effective 
thermally insulating elements in everyday devices. 
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